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We search for the rare decay W�
! D�

s
 in 82 pb�1 of pp colli-

sions recorded with the Collider Detector at Fermilab. At the 95% con�-

dence level, we �nd an upper limit on the relative branching fraction to be

�(W�
! D�

s
)=�(W�

! e��) < 1:1� 10�2.

PACS Numbers: 13.38.Be, 13.40.Hq

The large samples of weak bosons produced in pp collisions enable searches for rare

processes which probe the limits of the Standard Model [1]. While the rare decay modes of

the Z boson have been explored in detail, the rare decay modes of the W have just begun to

be investigated [2]. Decays of the W into a pseudoscalar meson and a photon are sensitive

to physics processes which involve the WW vertex. The rare radiative decay W� ! D�

s
 is

attractive because of the easily identi�able �nal state signature, even though it is suppressed

by the behavior of the D�

s
meson form factor at q2 = M

2
W
. A detailed theoretical treatment

predicts the relative branching fraction �(W� ! D�

s
)=�(W� ! e��) � 1� 10�8 [3], which

is a factor of 3 times larger than that for the similar decay W� ! �
�
 [4]. However, the mul-

titude of D�

s
decay modes and the choice of particular modes for experimental identi�cation
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makes the experimental reach smaller in the W� ! D�

s
 case. The experimental signature

consists of an isolated high momentum photon together with D�

s
mesons identi�ed via the

decay modes D+
s
! ��

+ and D+
s
! K�0K+ [5]. This search is complementary to a similar

search in the � channel [4]. We expect the search to be dominated by background from

QCD processes, with the most signi�cant being direct photon production and combinatoric

background from particles in the jet recoiling against the photon. Though expected to be

smaller, an additional background is production of  + c, where the charm quark fragments

into a leading D+
s
meson.

The W� ! D�

s
 search examines 81.8 � 6.5 pb�1 of pp collisions at

p
s = 1.8 TeV,

recorded by the Collider Detector at Fermilab during the 1994-1995 Tevatron run. The CDF

detector has been described in detail elsewhere [6]. We use a coordinate system where �

is the azimuthal angle around the beam line and � is the polar angle with respect to the

z (proton beam) direction. Pseudorapidity, �, is de�ned by � = � ln(tan(�=2)); pT = p

sin(�) and ET = E sin(�) are the momentum and energy ow measured transverse to the

beam line, respectively. The key detector components used in the analysis are the central

electromagnetic calorimeter, covering j � j< 1.1 and 2� in azimuth in a projective tower

geometry, proportional chambers located at shower maximum within the electromagnetic

calorimeter, and the central tracking chamber, a 1.3 m radius wire drift chamber immersed

in a 1.4 T solenoidal �eld.

The data sample was collected with a three level trigger, with both energy thresholds and

isolation criteria applied [7]. The �rst level trigger required a total transverse energy greater

than 8 GeV in a contiguous pair of electromagnetic towers with j � j< 1.1. The second level

trigger raised the transverse energy threshold to 23 GeV and required that there be less than

4 GeV additional transverse energy in surrounding towers (corresponding approximately to

a cone in ��� space of �R =
p
��2 +��2 � 0:4). The third level trigger required that the

photon candidate be in a good �ducial region [8] of the calorimeter. The ET dependence of

the trigger e�ciency has been measured by comparison to photons from a prescaled trigger
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with an ET threshold of 10 GeV. The e�ciency rises from 0 near threshold to a plateau value

of 0.970 � 0.005 for transverse energies greater than 30 GeV. The photon trigger e�ciency,

when convoluted with the expected ET spectrum from W� ! D�

s
 decays, is estimated

to be 0:844 � 0:032, including the hardware e�ciency, threshold dependence, and isolation

requirements.

The reconstructed photon is required to have ET > 22 GeV, j � j< 1.0, to be in a

good �ducial region of the calorimeter, and to have no track pointing at the calorimeter cells

containing the electromagnetic shower. The transverse shower pro�le in both the longitudinal

and azimuthal views is required to be consistent with an electromagnetic shower [7]. As we

expect the W decay products to be isolated [9], we require that the additional total transverse

energy in a cone of �R = 0:4 centered on the photon candidate be less than 4.0 GeV. Further

details on photon identi�cation can be found in Reference [4]. Finally, we require that the

identi�ed j z j vertex position be less than 60 cm from the nominal interaction point.

In events with an identi�ed photon candidate, we look for the presence of a D+
s
meson by

identifying the decay modes ��+ and K�0K+, followed by the decays �! K+K� and K�0 !
K�

�
+. With current measured branching fractions [2], we are sensitive to 3.92 � 0.13% of

D+
s
decays. For mass reconstruction, we use reconstructed tracks with pT > 1.0 GeV/c and

j � j< 1.1 and require that the constrained vertex �t have a �2 probability greater than 0.01.

We select two track combinations consistent with the � (K
�0
) hypothesis, assuming the K�

or �+ mass appropriately. The combination is considered a � candidate if the reconstructed

mass is in the range [0.98 - 1.05] GeV/c2 and pT > 10 GeV/c. It is considered a K
�0
candidate

if the reconstructed mass is in the range [0.84-0.96] GeV/c2 and pT > 10 GeV/c. For events

passing these requirements, a third track is added to the vertex �t, again assuming the K+

or �+ mass appropriately. The D+
s
signal region is the mass range [1.90 - 2.02] GeV/c2 and

pT > 22 GeV/c. We also select a D+
s
sideband region, used for background calculations,

with three track combinations in the mass ranges [1.83-1.89] GeV/c2 or [2.03-2.09] GeV/c2

and pT > 22 GeV/c. At this stage of the analysis, there are 708 events with three track
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combinations in the D+
s
signal region and 684 events with three tracks in the D+

s
sideband

regions.

In Fig. 1, we show the distribution of tracks in a cone of �R = 0:7 around the

reconstucted-candidate direction for both the signal and sideband regions, overlaid with

the results from a Monte Carlo simulation for the decay W� ! D�

s
 (discussed below). The

data sample still shows a large contribution from the combinatoric backgrounds in direct

photon events. We therefore require that there be no tracks with pT > 1 GeV/c in the cone,

resulting in 18 events in the D+
s
signal region and 20 in the sideband regions. This last

requirement is a track analogue of the calorimeter isolation applied to the photon candidate.

We select W candidate events by requiring that the D+
s
 mass lie in the range [72.5-88.3]

GeV/c2. This mass range spans the expected 3� width of the W candidates, including both

the e�ects of the W width (assumed to be 2.1 GeV/c2) and the simulated mass resolution,

centered on a W mass of 80.4 GeV/c2. There are 4 events, one in the ��+ decay mode and

three in the K�0K+ mode, in this mass range from the D+
s
signal region and 4 events, one

in the �� and three in the K�0K+ mode, from the sideband regions. Figure 2 shows the

two samples, overlaid with the Monte Carlo simulation normalized to 4 events in the signal

histogram. We use the method of the Particle Data Group to set a 95% con�dence level

limit on the signal size in the presence of an estimated background [2]. With 4 signal events

and an estimate of 4 background events, the upper limit is 5.9 events at the 95% con�dence

level.

A Monte Carlo simulated sample of W� ! D�

s
 decays has been created with a com-

bination of event generators and a full detector simulation. The PYTHIA Monte Carlo

program [10] is used to generate W bosons and the associated event characteristics. The

CLEO Monte Carlo program [11], with adjustments to the list of allowed decays, is used to

force the decay W� ! D�

s
, and to simulate the decays of the D+

s
mesons. Events satisfying

the following requirements are accepted: (1) the photon has ET > 22 GeV and j�j < 1; (2)

be in the good �ducial region of the calorimeter; (3) all three tracks from the D+
s
decay to
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have pT > 1.0 GeV/c and j�j < 1.1; (4) the � or K�0 has pT > 10 GeV/c; and (5) the D
s

has pT > 22 GeV/c. Using the MRSA [12] parton distribution functions, we �nd that 15.4

� 0.4% of W� ! D�

s
 decays pass these criteria. Results with other parton distribution

function sets are consistent with this value.

The simulated sample was passed through all the analysis requirements, except that the

mass ranges for meson and W selection were relaxed. The �nal values for the mass selections

were set to be �3�. The combined e�ciency of the 3 mass cuts (� or K�0, D+
s
, and W),

including the two vertex probability requirements, is 0.96 � 0.01.

Photon identi�cation e�ciencies for the transverse shower pro�les and isolation require-

ments are measured in a sample of W� ! e�� events, selected independently of the identi�-

cation variables used in the photon selection [4]. Including the trigger e�ciency measurement

described earlier, the total e�ciency for the photon identi�cation is 0.752 � 0.029.

Track �nding e�ciences for the D+
s
selection are found by embedding simulated tracks in

data events and measuring the fraction of times the simulated track is found. We convolute

the expected pT distribution from the Monte Carlo sample with the measured e�ciency

curves. We assume that the e�ciency for �nding 3 tracks is the product of individual

track �nding e�ciencies. The total e�ciency for �nding all 3 tracks from the D+
s
decay is

0:898+0:033�0:045. The track isolation requirement around the D
+
s
candidate is studied in the W� !

e�� sample. The � direction is calculated based on the W mass, the electron momentum,

and the transverse energy imbalance (summed over calorimeter towers) [9]. If the results

yield physical solutions for the � momentum, we choose the solution for which j �
�
j< 1.1.

The fraction of events with no tracks in a cone around the calculated � direction is 0.718 �
0.007 [4]. The e�ciency of the z vertex requirement is estimated to be 0.956 � 0.002 [13].

We include systematic uncertainties in acceptance, e�ciency, and luminosity measure-

ments according to the procedure outlined in Reference [14], which provides a prescription

for including systematic uncertainties into an upper limit determined from Poisson statistics.

The 95% con�dence level upper limit, including systematic uncertainties, is 6 events.
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Combining the number of signal events, acceptance, identi�cation e�ciency, integrated

luminosity, and branching fraction (as summarized in Table I), we �nd that �(pp!W� !
D�

s
) < 27.4 pb. With a measured cross section �(pp!W� ! e��) = 2.49 � 0.12 nb [13],

we �nd the relative branching fraction �(W� ! D�

s
)=�(W� ! e��) < 1:1 � 10�2 at 95%

con�dence level. This result is the �rst measurement of this quantity. At the present level

of sensitivity there is no evidence for deviations from the Standard Model prediction for

two-body radiative decays of weak vector bosons.

Observed Events 4 events

Estimated

Background Events 4 events

Signal Events < 6 at 95% CL

Acceptance 0.154 � 0.004

Photon Identi�cation 0.752 � 0.029

Vertex Reconstruction 0.96 � 0.01

Track Finding 0.898+0:033
�0:045

D+
s
Track Isolation 0.718 � 0.007

z Vertex 0.956 � 0.002

Total E�ciency 0.445 � 0.029

R
L dt 81.8 � 6.5 pb�1

Branching Fraction 0.0392 � 0.0013

�(pp!W�
! D�

s
) < 27:4 pb at 95% CL

TABLE I. Summary of the cross section results.
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FIG. 1. A comparison of the number of tracks in a cone of radius 0.7 around the D+
s
direction for

data (�lled circles) and Monte Carlo simulation of W�
! D�

s
 (open circles), (a) for the D+

s
signal

sample and (b) for the D+
s
sideband sample. The Monte Carlo samples have been normalized to the

data samples. There are 708 events in the Ds signal sample, 18 having no tracks in the cone. There

are 684 events in the sideband sample, 20 having no tracks in the cone.
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FIG. 2. A comparison of data (open histogram) and Monte Carlo simulation of W�
! D�

s


(curve) for the �nal selection. (a) is for the D+
s
signal region, (b) for the sideband region. The

Monte Carlo simulation sample has been normalized to 4 events in the W signal region [72.5-88.3

GeV/c2].
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